The effectiveness of measures to mitigate nitrate concentrations in surface and groundwater depends not only on their suitability for reducing nitrate leaching, but also on characteristics of groundwater transport that may cause a lag in achieving recovery. The recovery of a catchment within a Nitrate Vulnerable Zone in the east of Scotland has been assessed using a combined monitoring and modelling approach. Understanding of the dominant hydrological processes was developed through a programme of monitoring of surface and groundwater bodies. Age dating of groundwater samples, using dissolved atmospheric trace gases (CFCs and SF 6 ) underpinned the conceptualisation of groundwater transport and a lumped dispersion model was applied to the data to estimate mean solute transit times. High spatial variability in the groundwater dating made it difficult to estimate catchment means, but the range was estimated to lie between 15 and 60 years.
INTRODUCTION
can also be used to help develop simple lumped models to describe the system (Osenbruck et al. ) . Groundwater age dating has been used to explore the lag times in recovery from N pollution in several studies. Galeone () found that N applied to the land in a small watershed reached springs in 2-3 years but took in the region of 15-39 years for groundwater to reach the stream channel. Tomer & Burkart () used groundwater dating techniques in conjunction with a paired catchment experiment to assess the effects of large inputs of N fertiliser to one catchment.
Results confirmed that it would take many years before management changes would take effect in the groundwater. In a large scale study of the Geer basin in Belgium, Orban et al.
() found by measuring tritium that the key factors in the distribution and evolution of nitrate were travel times from the recharge zone and mixing between groundwater of different ages, rather than land use which was quite uniformly distributed across the basin. Kaown et al. () 
STUDY AREA Physical characteristics
The Lunan Water drains an area of 134 km 2 from its source Table 2 and their locations shown in Figure 1 .
SEPA have undertaken regular monthly sampling of these boreholes for hydrochemical analysis. In addition, stable isotopes of water (δ 18 O and δD) have been measured every 2-3 months, by infrared laser spectroscopy, and periodic samples have been taken for age dating using the dissolved atmospheric gas tracers, CFC and SF 6 . Age dating samples were also collected from a further three sites including: a surface spring (BS) close to boreholes BH2 and BH3, 
GROUNDWATER TRANSIT TIME ESTIMATION Data interpretation
Raw data values for measured CFC-11, CFC-12 and SF 6 concentrations are presented in Table 3 . Various factors such as recharge elevation, unsaturated zone thickness and recharge temperature need to be factored into the interpretation of both CFC and SF 6 data (Plummer & Busenberg ) . In the present case, the low relief of the catchment above sea level and relatively thin unsaturated zone have been discounted as having a significant effect. However, data have been corrected to account for a mean recharge temperature of 8.5 W C, estimated from daily air temperature data.
The corrected data for CFC-12 and SF 6 are plotted in 
Lumped dispersion modelling
In practice, few groundwater bodies could be expected to be interact. To explore the properties of the Lunan groundwater system and their relationships with concentrations of dissolved atmospheric trace gases, the dispersion model was applied using a simple convolution method:
where C out (t) is the output concentration at time t, C in (t) is the recharge concentration at time t and g(τ) is the transit time distribution function.
The dispersive transit time distribution function is given by:
where τ is the transit time of a single particle through the system, P * D is the apparent dispersion parameter and T* is the mean transit time of the tracer. Note that in a system dominated by rapid fracture flow, the transit time of water will be much shorter than the tracer transit time.
In order to apply this model using CFC-12 and SF 6 as tracers, a historic time-series of meteorological and heterogeneity and significant variation in mean transit times of groundwater, ranging from recent to greater than 100 years.
The tracer transit time (T*) can be related to the transit time of water (T ) according to the following equation: (Table 4) .
Results from the scenario simulations are illustrated in In terms of the temporal response, it can be seen from of arable land to pasture which lead to almost a 50% decrease in simulated N loads in two catchments.
Our model simulations predicted a mean deep groundwater concentration of around 10 mg l À1 prior to any changes in land use management. Although this figure is below the EU limit of 11.3 mg l À1 , in practice, spatial and temporal variability in groundwater concentrations across the catchment would mean that the EU limit is likely to be exceeded quite regularly (and indeed the data from borehole monitoring confirm this). Therefore it is necessary to have a target figure that is perhaps 20% lower than the 11.3 mg l À1 EU limit in order to ensure that concentrations remain consistently below that level. Simulation of the groundwater response to changes in inputs of nitrate indicated that a rapid initial reduction in concentrations would be followed by a much slower rate of improvement such that it will be some years after nitrate leaching has been reduced before the full effectiveness will be observed in the groundwater. Broad ranges for the mean groundwater transit time indicate that it would take between 16 and 38 years to achieve the 90% of the effect of any reduction in nitrate leaching. The Lunan Water itself would be expected to display a much more rapid initial response to reductions in leaching, but would also take some years before full recovery is achieved. Simple scenarios for changes in management gave an indication of the scale of reduction in nitrate leaching that might be expected according to the scale of the management changes.
